BACKGROUND: Early defoliation is a very innovative technique in viticulture used for yield management. The effects of early leaf removal performed manually and mechanically at two different phenological stages, pre-bloom and fruit set, on the volatile composition of Tempranillo (Vitis vinifera L.) wines were studied. Volatiles were identified and quantified by gas chromatography.
INTRODUCTION
In the last decade, new viticulture techniques have been developed around the world for cost-effective yield management with the aim of improving grape and wine quality. Early defoliation is an innovative viticulture practice aimed at regulating yield components and improving grape quality. 1, 2 In previous studies, early defoliation induced smaller and looser clusters that were less susceptible to Botrytis rot. 1, 3 Concentrations of soluble solids, phenols and anthocyanins increased in grapes 1, 2 and wines 3 from early defoliated vines.
The goal and timing of early defoliation, which is carried out around flowering, are different from those of 'classic' leaf removal, which is performed between fruit set and veraison in different climatic zones and varieties. 4 -7 Classic leaf removal improves light exposure and air circulation around clusters of very dense canopies, but it does not modify yield components. 5, 8, 9 The positive impact of early defoliation on grape and wine composition is based upon its effects on leaf/fruit ratio, canopy porosity, fruit (cluster and berry) exposure 3 and skin/berry ratio. 10 These effects contrast with manual cluster thinning, the most used technique in viticulture for yield control, which does not significantly affect the canopy microclimate. Furthermore, early leaf removal could be applied by a defoliator machine for cost-effective yield control with improved grape 2 and wine composition 3 and aroma attributes. 11 The flavour and aroma compounds in ripe grapes depend on multiple variables, including variety, environmental conditions during the growing season and cultural practices. 12 In grape berries there are hundreds of compounds that could potentially contribute to the flavour and aroma of wine. Wine is a complex mixture in which flavour and aroma compounds have multiple origins. 12 Among the compounds responsible for wine aroma are terpenols, C 13 norisoprenoids, alcohols, esters, volatile acids and volatile phenols. 13 -15 The volatile composition of grapes has been shown to be affected by leaf removal. 16 -18 In classic leaf removal trials the volatile composition of wines was observed to increase owing to the enhancement of several free and bound compounds that are important components of fruit quality 17 and have higher muscat and floral/perfume aromas. 18 Studies carried out in Shiraz wine showed that shaded fruit resulted in decreased concentra-936 www.soci.org M Vilanova et al.
tions of C 13 norisoprenoids. 19 Nevertheless, to our knowledge, no information on the effects of early defoliation on the volatile profile and composition of the berries exists in the literature.
In previous research we studied the effects of the timing of manual and mechanical early defoliation on the sensory properties of Tempranillo wines. 11 A deeper understanding of the impact of yield management and changes in cluster exposure induced by early defoliation on the volatile compounds is required. The aim of the present study, conducted with the same samples from the 2008 vintage of the previous work, 11 was to identify and quantify the main differences in volatile composition of Tempranillo (Vitis vinifera L.) wines affected by manual and mechanical defoliation at two timings (fruit set and pre-bloom).
MATERIALS AND METHODS

Viticultural treatments
This study was conducted in a commercial V. vinifera L. cv. Tempranillo vineyard in La Rioja, Spain during the 2008 season. The experimental design, described in Diago et al., 11 compared the following treatments: (a) control or non-defoliated; (b) manual removal of the first eight basal leaves at pre-bloom, at stage 19 20 (Man-PB); (c) manual removal of the first eight basal leaves at fruit set, at stage 27 20 (Man-FS); (d) mechanical defoliation at prebloom (Mec-PB); (e) mechanical defoliation at fruit set (Mec-FS). Mechanical leaf removal was conducted with a tractor-mounted pulsed air leaf remover (Collard, Bouzy, France). The treatments were arranged in a completely randomised design that consisted of five replicates of 20-vine plots for each treatment. In each replication plot, five vines were tagged for agronomical and grape quality assessment. On each vine, one representative shoot was also labelled for the estimation of total leaf area.
Cluster exposure and canopy porosity
Appraisal of canopy porosity and cluster exposure was carried out by digital image analysis using the methodology proposed by Tardaguila et al. 3 For each treatment the 25 labelled vines were photographed between 07 : 00 and 09 : 00 a week before harvest. The digital images were analysed using the image analysis software Envi 4.3 (ITT Visual Information Solutions, Boulder, CO, USA). Red, green and blue threshold values and tolerances were set manually to establish two different hue classes: clusters and canopy porosity. In order to avoid the influence of yield on the percentage of cluster pixels in the image, the ratio pixels of cluster/yield per vine was calculated.
Microscale fermentations
The grapes from five labelled vines per replicate were harvested and blended, then transported to the winery of the University of La Rioja and stored for 12 h at 4.5
• C. Wine fermentations were conducted in 4 L of must according to the microscale fermentation set-up proposed by Sampaio et al. 21 Grapes were destemmed and slightly crushed using a motorised grape crusher (Enomundi, Zaragoza, Spain). Sulfur dioxide was added at a rate of 60 mg kg −1 and musts were inoculated with yeast (Saccharomyces cerevisiae, Uvaferm 71B, Lallemand, Montreal, Canada) at a rate of 20 g hL −1 . Fermentation temperature was kept between 27 and 30
• C. Alcoholic fermentations were completed after 7 days, but extended maceration was allowed for a further 8 days. After fermentation, wines were manually racked off and pressed, and no malolactic fermentation was allowed. For each microfermentor the free-run and pressed wine fractions were blended and 40 mg L 
Must and wine analysis
Musts and wines were analysed according to OIV methods. 22 A wine sample of 125 mL was used to determine alcohol content, titratable acidity, pH and tartaric and malic acid concentrations. Colour density was calculated by adding the absorbance readings at 420, 520 and 620 nm, while hue was determined as the ratio of absorbance readings at 420 and 520 nm. Total polyphenol index was measured by the absorbance reading at 280 nm according to EEC methods. 23 For each parameter, all analyses were run in triplicate 15 days after fermentation.
Extraction and chromatographic analysis of wine volatiles
To a 10 mL culture tube (Pyrex 1636/26MP, Lowell, USA), 8 mL of wine, 2.4 µg of internal standard 4-nonanol (Merck 818 773, Darmstadt, Germany) and a magnetic stir bar (22.2 mm × 4.8 mm) were added. Extraction was done by stirring the sample with 400 µL of dichloromethane (Merck 1.06054) for 15 min. After cooling at 0
• C for 10 min, the magnetic stir bar was removed and the organic phase was obtained by centrifugation (2948×g, 5 min, 4
• C), with the extract being recovered in a vial using a Pasteur pipette. Then the aromatic extract was dried with anhydrous sodium sulfate (Merck 1.06649) and collected again in a new vial.
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A Chrompack CP-9000 (Chromapack International, Middelburg, The Netherlands) gas chromatograph equipped with a split/splitless injector and a flame ionisation detector together with a capillary column coated with CP-Wax 57 CB (50 m × 0.25 mm i.d., 0.2 µm film thickness; Chrompack) was used. Injector and detector temperatures were both set at 250
• C. The oven temperature was maintained at 40
• C for 5 min, then programmed to rise from 40 to 235 • C at 3
• C min −1 and finally from 235 to 255
• C at 5
• C min −1 . The carrier gas was helium 55 (Praxair, Maia, Portugal) at 103 kPa and the split vent was set to 13 mL min −1 . Each 3 µL extract was injected in splitless mode (for 15 s). Quantification of volatiles as 4-nonanol equivalents was performed with Varian MS Workstation Version 6.6 (Chromapack International, Middelburg, The Netherlands) by comparing retention indices with those of pure standard compounds and confirmed by gas chromatography/mass spectrometry.
Odour activity value
To evaluate the contribution of each chemical compound to the aroma of the wine, the odour activity value (OAV) was determined. OAV is an indicator of the importance of a specific compound to the odour of a sample. It was calculated as the ratio between the concentration of an individual compound and the perception threshold found in the literature. 25, 26 Statistical analysis The data were analysed using XLstat-Pro (2007 Version, Addinsoft, Paris, France). To test for significant differences in wine composition, analysis of variance (ANOVA) was applied. The effect of defoliation vs control, as well as the effect of timing and modality, was evaluated using a priori contrasts (P < 0.05). Dunnett's t test 27 was used to demonstrate significant differences between each defoliation treatment and the control. For interpreting the results, principal component analysis (PCA) on volatile compounds of Tempranillo wines was applied.
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RESULTS AND DISCUSSION
Cluster exposure and canopy porosity increased significantly in early defoliated vines (Table 1) . These effects were more pronounced in pre-bloom leaf-pulled vines than in those defoliated at fruit set. Studies performed on Sangiovese and Trebbiano vines also showed that hand and mechanical defoliation significantly reduced fruit set, bunch compactness and yield. 1,2 Furthermore, canopy porosity was improved by early leaf removal in Graciano and Carignan vines. 3 These results indicated that early defoliation may affect the fruit microclimate during grape berry development, from fruit set to harvest. Table 2 shows the influence of the defoliation treatments on the total soluble solids and acidity parameters of the musts. Early leaf removal resulted in musts richer in total soluble solids and almost no differences in acidity, with the effects being more intense for pre-bloom treatments. Similar findings, of more ripened fruit in terms of increased total soluble solids in grapes corresponding to early defoliated vines, were also observed in other varieties.
1 -3 Table 3 shows the influence of the defoliation treatments on the oenological parameters of the wines, which were in close agreement with the values of the total soluble solids and acidity parameters determined in the musts. In general, early leaf removal led to wines of higher alcohol content, more intensely coloured and with a larger total polyphenol index, whereas pH, titratable acidity, malic acid and hue remained generally unaffected.
Pre-bloom leaf removal increased the ethanol concentration in Tempranillo wines more than fruit set intervention. Regarding the method of defoliation, mechanical treatments induced the enhancement of colour intensity and total polyphenol index as compared with control wines. These results coincide with Diago et al., 11 who reported that mechanical defoliation was more effective in reducing yield, cluster weight and number of berries than manual leaf pulling, by affecting the fruit microclimate. Table 4 shows the influence of the defoliation treatments on the concentration of 25 volatile compounds grouped in different families: C 6 compounds, alcohols, ethyl esters, acetates, volatile acids and terpenes. The main volatile compounds were 2-+ 3-methyl-1-butanol, 2-phenylethanol and 2-methyl-1-propanol; however, these volatile compounds did not show significant differences among defoliation treatments. Early leaf removal only modified the total concentrations of C 6 compounds and acetates, whereas ethyl esters, volatile acids, alcohols and terpenes in the wines remained generally unaffected (Table 5 ). Reynolds and Wardle 28 found that basal leaf removal led to increased free volatiles in wines from several white grape cultivars. The most direct effects of canopy management on fruit quality have been observed with cluster zone leaf removal, which increased total monoterpene accumulation in Gewürztraminer and Muscat. 29, 30 These studies of several vineyard management techniques suggest a link between sunlight exposure and increased monoterpenes in V. vinifera. Zoecklein et al. 17 found higher concentrations of selected bound monoterpene alcohols (geraniol, nerol and linalool) and bound aromatic alcohols (benzyl alcohol and 2-phenylethanol) in fruits of leaf-removed canopies than in those of control canopies.
Interestingly, the effects of early defoliation were mostly observed in the C 6 compound and acetate families. Early defoliation induced a significant reduction in C 6 compounds and increased the concentrations of acetates in the wines (Table 5) . In this regard, significant variation was observed for (Z)-3-hexen-1-ol, 3-methylbutyl acetate and 2-phenylethyl acetate ( Table 4 ). The effect of early defoliation on the volatile composition of Tempranillo wines was mainly observed when leaf pulling was conducted at pre-bloom. These results were correlated with total soluble solids, with greater values being shown in musts where the defoliation treatment was performed at pre-bloom, as can be observed in Table 2 .
In addition to the above-mentioned compounds, the concentrations of 1-hexanol, 3-methyl-1-pentanol and ethyl octanoate were also affected by pre-bloom leaf removal. It is well known that C 6 aldehydes derive from grape polyunsaturated fatty acids from membrane lipids, which are subsequently reduced to C 6 alcohols, which can in turn be esterified to produce esters. 24 Slight differences in the amounts of (E)-3-hexen-1-ol and (Z)-3-hexen-1-ol have been described by several authors according to terroir and cultural practices. 22, 31, 32 Tempranillo wines showed larger wileyonlinelibrary.com/jsfa contents of (Z)-3-hexenol when compared with wines of other varieties such as Cabernet Sauvignon and Monastrell. 33 Among the free volatile compounds, a rather low content of C 6 alcohols, with a prevalence of (Z)-3-hexen-1-ol over the (E) isomer and sometimes a remarkable level of (E)-2-hexen-1-ol, seems to be typical for the variety Tannat. 34 However, these compounds decrease during grape ripening. In our study the level of these compounds showed a significant decrease when defoliation was applied. These results were in close agreement with total soluble solids (
• Brix) (Table 2 ), because the greater the level of total soluble solids, the lower the level of C 6 compounds, confirming the decrease in these compounds during ripening. C 6 compounds showed a similar trend until veraison in Cabernet Sauvignon grapes, but the levels of 1-hexanol increased steadily and significantly after veraison, whereas there was a less pronounced increase in (Z)-3-hexen-1-ol and a significant drop in concentration towards late berry development. 35 An interesting outcome related to the timing of defoliation was that hexyl acetate was not detected in the fruit set defoliation wines (Table 4) . Regarding the method of defoliation, significant differences in the concentrations of some ethyl esters (ethyl-2-methylbutyrate and ethyl octanoate) and all studied volatile acids were observed in the wines corresponding to manual and mechanical treatments (Tables 4 and 5) .
Quantitatively, alcohols were the largest group of volatile compounds, accounting for more than 90% of the total volatile concentration in all defoliation treatments, followed by ethyl esters. Higher alcohols and ethyl esters produced during alcoholic fermentation play an important role in the flavour of wines, depending on the type of compound and concentration. 36 Kozina et al. 37 showed no differences in higher alcohol concentrations between control and classical leaf removal (applied at veraison) wines of Sauvignon Blanc and Riesling cultivars. A study carried out by Bubola et al. 38 suggested that basal leaf removal before bloom led to higher contents of volatile esters and higher alcohols than control wines but lower contents of monoterpene alcohols in Istrian Malvasia wines.
In that same study the concentration of volatile acids in wines made from defoliated vines was altered as compared with control wines. In another trial conducted on Sauvignon Blanc, eight leaves per shoot were removed manually and the wines from these vines had the lowest amount of fatty acids and volatile esters with respect to control (non-defoliated) wines. 37 Furthermore, Miele et al. 39 showed that the removal of all leaves below the clusters at the beginning of bloom led to higher concentrations of 3-methyl-1-butanol and 2-methyl-1-propanol in the wines, this being considered a very good alternative for the production of quality Merlot wines.
Terpenes constitute an important group of volatile compounds in several white grape varieties, such as Muscat and Gewürztraminer. In our study, only linalool was identified and quantified in the red wines of Tempranillo at low concentrations. and it was not significantly affected by early defoliation, despite the improvement in canopy porosity and cluster exposure. Terpenes have been shown to be sensitive to sun exposure. 28, 30, 40, 41 Reynolds and Wardle 28 reported that classical leaf removal, leading to improved cluster exposure and hence better sunlight penetration into the canopy, favoured the enhancement of volatile terpenes in several white grape varieties. Linalool appeared to be most sensitive to sun exposure. 30 With the aim of better interpreting the results, PCA was applied to the volatile compounds showing significant differences among wines from the different defoliation treatments (Fig. 1) . The first two principal components, PC1 and PC2, accounted for 74.97% of the total variance in the data (42.15 and 32.82% respectively). PC1 was characterised by major contributions from (Z)-3-hexenol, 3-methyl-1-pentanol and 1-hexanol on the positive side and 2-phenylethyl acetate, decanoic acid, hexanoic acid and hexyl acetate on the negative side. For PC2, ethyl octanoate, 2-+ 3-methylbutyric acid and 3-methylbutyl acetate showed positive loadings, whereas ethyl-2-methylbutyrate and hexanoic acid exhibited negative loadings. PC1 classifies the wines according to phenological stages. Fruit set defoliation treatment and control wines were sited on the positive side of PC1, characterised by alcohols and C 6 compounds, while pre-bloom defoliation treatment wines were located on the negative side of PC1, characterised by acetate and ester compounds. PC2 helps to classify the wines according to the method of defoliation. In this regard, control and manual defoliation treatment wines were located on the positive side of the axis, whereas mechanical defoliation treatment wines were located on the negative side. In order to assess the influence of the compounds studied on overall wine aroma, OAV was calculated as the ratio of the concentration of each compound to its perception threshold. Only compounds with OAV > 1 are said to contribute individually to wine aroma. 42 However, a particular compound with OAV < 1 might also contribute to the aroma of a wine because of the additive effect of similar compounds (similar structure or odour). 25 OAVs were first calculated for the compounds exhibiting significant differences among wines. Of these, only six volatile compounds presented OAV > 1 (Table 6 ). In our study, ethyl-2-methylbutyrate (fruity aroma), ethyl octanoate (apple aroma), 2-+ 3-methylbutyric acid (cheese aroma), 2-phenylethyl acetate (rose aroma), hexanoic acid (vegetable aroma) and 3-methylbutyl acetate (banana aroma) have been shown to contribute significantly to Tempranillo wine aroma. The highest OAV was represented by ethyl-2-methylbutyrate (fruity aroma) for Tempranillo wines from all defoliation treatments except manual defoliation at pre-bloom, where the highest OAV value corresponded to ethyl octanoate (apple, sweetish). Mechanical treatments (pre-bloom and fruit set) showed higher values of ethyl-2-methylbutyrate than the control. In sensory analysis of Tempranillo wines from the 2008 vintage, 11 the most frequent attributes were also fruity aromas, and their overall frequencies across the four defoliation treatments were higher than those of the control. Diago et al. 11 also showed that both yield reduction and increased cluster exposure induced by early defoliation modified the final wine aroma properties of Tempranillo wines determined by sensory analysis. Moreover, when Botrytis infection existed, wines corresponding to the early leaf removal treatments were found to be more intensely perceived in fruity aromas and less intensely in dried fruit notes. These outcomes were related to the significant decrease in Botrytis incidence observed in the fruit from defoliated vines (ranging from 1.6 to 6.7%) as compared with the control (14.6% Botrytis infection). 11 In the Diago et al. 11 study the trained panel did not perceive any earthy or mouldy aroma in Tempranillo wines. These aromas are typical in wines made from rotten and fungus-affected fruit. Therefore the volatile compounds responsible for these earthy or mouldy off-odours, such as geosmin, methyl isoborneol, 1-octen-3-ol and fenchol, 43 -45 among others, were not targeted in our study. (Z)-3-Hexen-1-ol (green, herbaceous descriptor) and octanoic acid do not appear to have contributed individually to the aroma of Tempranillo wines in this study. However, the contribution of compounds with near-unity OAVs to wine aroma cannot be ignored, because they can enhance some existing notes through synergy with other compounds. 46 In the Diago et al. 11 study the cut grass descriptor was detected by the wine tasters and it showed higher values for mechanical defoliation than for the control.
The floral character of Tempranillo wines (2008 vintage) is also shown in both studies, violet by the sensory study 11 and 2-phenylethyl acetate (rose descriptor) by the present study. In both cases the floral character showed higher values for defoliation treatments than for the control.
CONCLUSIONS
The results of this study suggest that early leaf removal may induce significant changes in the concentration of volatile compounds in Tempranillo wines. Changes in agronomic parameters leading to improved fruit exposure may have a positive effect on the volatile composition of the wines. The highest values for cluster exposure and canopy porosity found for early defoliation treatments compared with non-defoliated vines were correlated with the highest concentration of total acetates, some volatile acids and (Z)-3-hexen-1-ol. Wines from defoliation treatments were mainly characterised by fruity and floral aroma versus the control. It can be concluded that early leaf removal may modify wine aroma quality.
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